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ABSTRACT 

This paper presents the variations of the rate of change of Total Electron Content (TEC) index (ROTI), 

characterizing the occurrence of ionospheric plasma irregularities over Vietnam and neighboring countries in the 

Southeast Asian region using the continuous GPS data during the 2008-2018 period. The results showed that the 

occurrence of strong ROTI in all stations is maximum in equinox months March/April and September/October and 

depends on solar activity. The ROTI is weak during periods of low solar activity and strong during periods of high solar 

activity. There is an asymmetry between the two equinoxes. During maximum and declining phases of 2014-2016, 

occurrence rates in March equinox are larger than in September equinox, but during the descending period of 2010-2011, 

the occurrence rates in September equinox at almost all stations are larger than in March equinox. The correlation 

coefficients between the monthly occurrence rate of irregularities and the F10.7 solar index at the stations in the 

equatorward EIA crest region are higher than at those in the magnetic equatorial and the poleward EIA crest regions. The 

irregularity occurrence is high in the pre-midnight sector, maximum between 2000 LT to 2200 LT. The maximum 

irregularity occurrence is located around 4-5° degrees in latitude equator-ward away from the anomaly crests. 

Keywords: GPS continuous data, TEC, ROTI, ionospheric irregularities, Southeast Asian region. 
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1. Introduction

1
 

Plasma instabilities generate the

                                                        
*Corresponding author, Email: lhminhigp@gmail.com 

ionospheric irregularities in the ionosphere, 

and the electron density fluctuates randomly 

due to complex dynamic processes in the 

ionosphere. The irregularities in the 

ionosphere are associated with phenomena 
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such as sporadic E, spread F, plasma bubbles, 

or traveling ionosphere disturbances (TIDs). 

The equatorial plasma bubbles are generated 

by the Rayleigh-Taylor instability (Kelley, 

2009 and references therein). After sunset, the 

F layer rises quickly under the influence of the 

BE


 drift. The increase of the eastward 

electric field before its reversal, known as the 

pre-reversal enhancement (PRE), makes a 

favorable condition for Rayleigh-Taylor 

instability. These irregularities extent along 

geomagnetic field lines to higher latitudes and 

often reach the equatorial ionization anomaly 

(EIA) crest (Kelley and McClure, 1981; 

Ossakow, 1981). The plasma bubbles are 

observed to tilt westward using GPS data 

(Valladares et al., 2004; D’ujanga et al., 2013; 

Abadi et al., 2014) and reproduced by 

numerical models (e.g., Zalesak et al., 1982; 

Yokohama, 2017). A further controlling factor 

of the generation of equatorial ionospheric 

irregularities is the orientation of the solar 

terminator to the geomagnetic field lines 

(Tsunoda, 1985). In general, plasma bubbles 

frequently occur when the solar terminator is 

parallel to the geomagnetic field. A plume-

like irregular structure was found in a range-

time-intensity diagram by using the data from 

incoherent scattering radar. It was then 

proposed that the irregularities are produced 

as low-density ‘plasma bubbles’ at the bottom 

side of the ionosphere, and bubbles can easily 

reach even much more than 1000km 

(Woodman and LaHoz, 1976). The seasonal 

variability of the occurrence frequency of 

ionosphere irregularities in longitude has been 

studied using various satellite observations 

(Maruyama &Matuura, 1984; Burke et al., 

2004). The plasma bubble occurrence has 

various temporal variations, such as day-to-

day, seasonal, solar activity variabilities 

(Abdu, 2019; Smith and Heelis, 2017; Sahai 

et al., 2000; Huang et al., 2002). The TEC 

depletions often accompany the ionospheric 

irregularities with durations ranging from 5 to 

25 minutes and magnitudes from 5 to 15 TEC 

units which affect the positional accuracy of 

the GPS by 1 to 3 m (Rama Rao et al., 2006). 

The characteristics of scintillation occurrences 

in low latitude around the EIA crest over 

Indonesia were studied in detail (Abadi et al., 

2014). The authors reported that the 

scintillations occur in the post-sunset period 

(18:00-01:00LT) during the equinox months, 

which can be ascribed plasma bubbles. They 

were enhanced as solar activity increased 

from 2009 to 2011. Tran et al. (2017) showed 

that, over the Vietnam region, the scintillation 

activity is maximum during equinox months 

in the 2006-2014 period and depends on solar 

activity. The distribution of scintillation 

occurrences is dominant during the pre-

midnight hours around the northern crest of 

EIA, from the 15°N to 20°N geographic 

latitudes with a maximum at about 16°N. Le 

Huy et al. (2016b) studied TEC variations and 

ionospheric irregularities during the magnetic 

storm in March 2015. Using continuous GPS 

observations in the Southeast Asian region, 

they showed that the ionospheric scintillations 

appeared strongly when the magnetic activity 

index Ap was less than several tens of 

nanoteslas. The ionospheric scintillations 

mainly appeared in the equatorial ionization 

anomaly region, with the maximum 

occurrence frequency being a few degrees in 

latitude equator-ward away from the anomaly 

crest. 

The observational GPS technique allows 

the study of ionospheric irregularities. Pi et al. 

(1997) have defined a rate of TEC change 

index (ROTI), based on the standard deviation 

of the rate of change of total electron content 

(TEC) over a 5-min period to monitor the 

ionospheric irregularities from the GPS phase 

fluctuations. Since plasma bubbles can cause 

TEC fluctuations when the satellite beacon 

crosses the density depletions, Rama Rao et 

al. (2006) found that the TEC depletion can 

reach 15 TEC units. Beach & Kintner (1999) 

reported that the small-scale fluctuation of 
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TEC with a 5-minute period has a larger 

amplitude inside of plasma bubbles, while 

outside of the plasma bubbles, the amplitude 

is smaller. So, the ground-based GPS 

receivers provide a useful tool to detect 

ionospheric small fluctuations. This paper 

used GPS data to study the occurrence 

characteristics of ionospheric irregularities 

(scintillations) over Vietnam and adjacent 

regions during the 2008-2018 period, which 

covers one solar cycle. The second section 

presents data and calculation methods, the 

third one describes the results, and section 4 

presents some conclusions of our research 

work. 

2. Data and calculation method 

We used the data recorded by GPS 

receivers in Vietnam and the Southeast Asian 

region. The geographical coordinates and 

magnetic latitudes are listed in Table 1 and 

present in Fig. 1. The data from some stations 

of the International GNSS Service (IGS): 

CMUM, CUSV, and CPNM in Thailand, 

ANMG in Malaysia, NTUS in Singapore, 

BAKO, and JOG2 in Indonesia, and XMIS in 

Australia are also used. 

The slant total electron content (STEC) is 

determined by the carrier phase measurements 

(Le Huy et al., 2016b; Tam Dao et al., 2020; 

and references in the papers):

and references in the papers): 

 

Figure 1. The distribution of GPS receivers in 

Vietnam and adjacent region
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where i and j indices are the satellite i and the 

receiver j, respectively; L1 and L2 are phase 

measurements in GPS frequencies f1 and f2; b 
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 is wavelength; N is phase cycle-ambiguity. 
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Carrano & Groves (2009) showed that 

STECp is usually dispersed due to thermal 

noise and multipath therefore an imprecise 

observable, the quantity 
STEC is determined 

precisely but suffers from jumps due to the 

cycle slip, and these jumps are estimated by 
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comparison between 
STEC  and 

pSTEC

approximated by the fourth-degree 

polynomial on each satellite track for only 

data points above 20° elevation.  

To obtain the absolute TEC, we did not 

calculate the constant for each pair of 

receiver-satellite individually. Instead, we 

followed Komjathy et al. (2005) to use a 

global TEC model to evaluate instrument bias 

at any place on the globe. The vertical TEC 

(VTEC) from the global TEC model 

(GIM/CODG model) calculated at the sub-

ionospheric point corresponding to the 

receiver-satellite pair at the observation time 

tk is converted to STEC and compared with 

the corrected STEC at the same time to 

obtain  k

i

j tconst . The daily constant i

jconst

is then calculated as the median value of all 

the values  k

i

j tconst  on the day for each 

satellite.  At last STEC values are converted 

into the vertical TEC (VTEC) using the single 

layer model (Klobuchar, 1986). 

The rate of change of the total electron 

content (ROT) is computed by:  

 

t

tSTECttSTEC
ROT



  


)(

(5) 

where t=30s, and ROT in TECu/min. To 

identify the ionospheric irregularity, the 

standard deviation of ROT is computed for 

each 5 min time interval. This value is called 

rate of TEC change index (ROTI) (Pi et al., 

1997) and calculated as follows:   

              √〈    〉  〈   〉                   

Table 1. GPS stations in Vietnam and Southeast Asian region 

No Station 
Geographical coordinate Magnetic 

latitude 
Instrument Observation period 

Longitude Latitude 

1 MTEV 102.80719 22.38719 15.92 NETRS 12/2009- 07/2018 

2 MLAY 103.15385 22.04187 15.54 NETRS 01/2012- 12/2018 

3 DBIV 103.01829 21.38992 14.84 NETRS 11/2009- 12/2018 

4 TGIV 103.41803 21.59225 15.06 NETRS 11/2009- 12/2018 

5 SMAV 103.74971 21.05629 14.49 NETRS 06/2010- 07/218 

6 PHUT 105.95872 21.02938 14.49 GSV4004 02/2009- 12/2018 

7 VINH 105.69659 18.64999 11.91 CORS5700 09/2011- 05/2018 

10 CMUM 98.93238 18.76088 11.61 IGS station 01/2014- 12/2018 

8 HUES 107.59265 16.45919 9.58 GSV4004 01/2006- 07/2013 

13 CUSV 100.53392 13.73591 6.43 IGS station 05/2008- 12/2018 

9 HOCM 106.55979 10.84857 3.47 GSV4004 05/2005- 08/2014 

11 CPNM 99.37438 10.72465 2.80 IGS station 10/2015- 04/2018 

12 ANMG 101.50660 2.78465 -5.73 IGS station 02/2014- 12/2018 

14 NTUS 103.67996 1.34580 -7.05 IGS station 01/2008- 12/2018 

15 BAKO 106.84891 -6.49106 -15.52 IGS station 01/2008- 12/2018 

16 JOG2 110.37246 -7.73638 -16.75 IGS station 01/2013- 12/2018 

17 XMIS 105.68350 -10.44996 -19.99 IGS station 01/2008-12/2018 

 

Following the study by Nishioka et al. 

(2008), we used the difference between 

daytime and nighttime ROTI values to 

determine the occurrence of ionospheric 

irregularity events. There were three steps to 

identify the ionosphere irregularity events for 

one day at any station, as follows: 

(1) Calculating the average of ROTI values 

from 1200 UT to 1900 UT (1900-0200 LT) 

(the most disturbed period), called Rev. 

(2) Calculating average of ROTI values 

during 3 hours from the noon, i.e during 0500- 

0800 UT (1200-1500 LT) (when VTEC is 

maximum), called Rday. 
(3) Difference, R = Rev-Rday, is used as an 

index of ionospheric irregularity activity for 
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one day at one station. Nishioka et al. (2008) 

selected value of 0.075 TECu/min as a 

threshold to determine ionospheric irregularity 

day. Fig. 2 presents variation of Rev-Rday at 

PHUT in 2011. The variation of Rev-Rday has 

two peaks in March/April and 

September/October. In Fig. 2, we can see 

most of Rev-Rday values are between  

-0.03 TECu/min and +0.03 TECu/min. The 

Rev-Rday values change within ±0.03 TECu/min 

could be due to the thermal noise which was 

not related to ionospheric disturbance because 

we see the values in this range on every 

months of the year (Fig.2), the fact could not 

belong to the ionospheric physical phenomena 

in consideration. Larger values of Rev-Rday 

which exceed +0.03 TECu/min could be 

caused by ionospheric irregularities. To 

identify certainly ionospheric irregularity 

events, we add 0.01 TECu/min to  

0.03 TECu/min of Rev-Rday values to exclude 

TEC variations which are not generated  

by ionosphere irregularities. In this  

study we selected the threshold of  

Rev-Rday of 0.04 TECu/min to define the 

irregularities day. 
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Figure 2.The variation Rev-Rday at PHUT in 2011. Rev-Rday values are presented by filled circles.  

The horizontal lines show 0.00 TECu/min and 0.04 TECu/min. The horizontal line at 0.04 TECu/min 

indicates the threshold for detection of ionospheric irregularity day 

 

3. Results and discussion 

3.1. TEC variation and Rate of TEC change 

Index 

TEC was derived every 30 seconds from 

GPS data at all stations. When ionospheric 

irregularity occurs, TEC fluctuates rapidly. 

Examples of the diurnal TEC variations with 

and without ionospheric fluctuations observed 

at PHUT station on 2 January 2015 and 15 

February 2015 are shown in Figs. 3a and 3b, 

respectively. The horizontal axis is in 

Universal Time (UT), and the vertical axis is 

VTEC in the TEC unit (1 TECu=1016 e/m2). 

Figs. 3a and 3b show that daily VTEC value is 

high in the daytime and low in the nighttime. 

In Fig. 3b, we observe intense TEC 

fluctuations after sunset around 1200 UT 

(1900 LT). They are caused by a large 

fluctuation of the ionospheric electron density. 
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We also observed that the value of ROTI is 

low and constant during the daytime in these 

two days. ROTI is weak on 2 January 2015, 

while it is large in the post-sunset period from 

1200 UT to 1900 UT (1900-0200 LT) on 15 

February 2015. The large value of ROTI 

corresponds to a sharp fluctuation of VTEC. 

Therefore, ROTI was used to identify the 

occurrence of ionospheric scintillations using 

the ground-based TEC data. 

 

Figure 3. Daily variation of TEC and ROTI measured at PHUT on (a) 2 January 2015 and  

(b) 15 February 2015. (top) TEC values for all satellites, (bottom) ROTI values for all satellites calculated 

from the TEC data. The three solid lines correspond to noontime, sunset time and midnight time at  

400 km altitude at the PHUT station 

 

3.2. The occurrence rate of ionospheric 

irregularities  

After calculating daily R, we calculated 

monthly occurrence rates of ionospheric 

irregularities by taking the ratio of disturbance 

days to the observation days in one month at 

each station. Figs. 4 and 5 show that 

occurrence rates of ionospheric irregularities 

in all stations are maximum in equinox 

months March/April and September/October. 

This result is in good agreement with the

previous studies based on different techniques 

in periods of high and low solar activity such 

as in American longitudes (Abdu et al., 2000), 

in Peru (Fejer et al., 1999), and in Brasil 

(Sahai et al., 2000). Tran et al. (2017) 

analyzed the amplitude scintillations 

(determined by S4 index) for the period 2006-

2014 using GPS data at PHUT, HUES, and 

HOCM stations in Vietnam and found that the 

scintillation was maximum during equinox 

months and minimum during summer and 

winter months. 
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Figure 4. Monthly occurrence rates of ionospheric irregularities from 2008 to 2018 at 

 MTEV, MLAY, TGIV, DBIV, SMAV, PHUT, VINH, CMUM, HUE, CUSV Northern stations 
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Figure 5. Monthly occurrence rates of ionospheric irregularities from 2008 to 2018 at  

CPNM, HOCM Northern stations and ANMG, NTUS, BAKO, JOG2, XMIS Southern ones 

Many authors found the maximum 

occurrence of ionospheric scintillations during 

the equinox months in the world, such as 

Aarons (1993), Chandra et al. (2003), Burke 

et al. (2004), Nishioka et al. (2008); Abadi et 

al. (2014), Liu et al. (2015) for the Asian 

region; Huang et al. (2002), Makela et al. 

(2004) for the Pacific area; Wiens et al. 

(2006), Portillo et al. (2008), Okoh et al. 

(2017), Abiriga et al. (2020) for the African 

sector. The maximum occurrence of 

equatorial ionospheric irregularities in 

equinoxes was explained by the alignment of 

the magnetic meridian and the solar 
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terminator (Tsunoda, 1985). During the 

equinox, the solar terminator is aligned with 

the magnetic meridian, the conjugate E 

regions at both sides of the magnetic equator 

enter darkness simultaneously. The 

conductivity of the E region is low while the 

equatorial ionosphere is still raised in altitude. 

Thereby, the strong enhancement of the 

eastward electric field around sunset creates 

favorable conditions for generating 

ionosphere irregularities. We observed an 

asymmetry between the maxima of 

occurrence rates of ionospheric scintillations 

in March/April and September/October. In 

descending phase of 2014-2016, occurrence 

rates in March equinox were larger than in 

September equinox. In the increasing phase of 

2010-2011, the occurrence rates in September 

equinox at almost all stations are larger than 

in March equinox. Nishioka et al. (2008) 

showed that in the Asia region during 2005 

and 2006 (in descending phase), the 

occurrence rates of the plasma bubbles in 

March equinox were larger than in September 

equinox. Our observations are consistent with 

those results of Nishioka et al. (2008) for the 

Asia region. 

 Considering the possible control 

parameters, some mechanisms for explaining 

the seasonal variation of the occurrence rates 

of ionospheric irregularities (equatorial spread 

F and plasma bubbles) have been proposed 

such as: (1) the seasonal changes of the 

reversal time of the electric field from 

eastward to westward in the evening hours 

after sunset (Rastogi, 1980); (2) the small-

scale electric fields generated in the E region 

can be transferred to the F region and 

magnetosphere along magnetic field lines due 

to a hemispheric asymmetry of the wind in the 

dynamo region (Mudrew, 1980); (3) the 

transequatorial component of the 

thermospheric wind which modifies the 

Pedersen conductivity integrated along the 

magnetic field line (Maruyama & Matuura, 

1984); (4) the longitudinal gradient in 

integrated E region Pedersen conductivity 

controlled by the magnetic declination and 

geographic latitude of the dip equator at a 

given longitude (Tsunoda, 1985); (5) the east-

west component of plasma drift velocity may 

be related to the evolution of plasma 

irregularities causing scintillations throughout 

the mechanism causing the prereversal 

enhancement of the eastward electric fields 

(Otsuka et al., 2006).  

The influence of a transequatorial wind 

appears to depress the F layer in the lee side 

hemisphere and to rise it in the windward 

hemisphere; the asymmetric distribution of 

the ionization may increase in the magnetic 

field integrated Pedersen conductivity, which 

suppresses the growth of the Rayleigh-Taylor 

instability and the ionospheric irregularity 

activity. Using data from two vertical 

ionospheric probes near the magnetic 

conjugate points at Chiang Mai, Thailand 

(18.8°N, 98.8°E; 13.0° magnetic latitude) and 

Kototabang, Indonesia (0.2°S, 100.3°E; -10.0° 

magnetic latitude) for the September equinox, 

2004 and March equinox 2005, Maruyama et 

al. (2009) found that the amplitude of the 

meridional wind in September equinox in 

2004 is larger than in March equinox in 2005, 

and the occurrence probability of equatorial 

irregularities is lower in September 2004 than 

in March 2005. These observations are 

consistent with the hypothesis that the 

transequatorial wind suppresses the Rayleigh-

Taylor instability, decreasing the nighttime 

ionospheric irregularities (Maruyama & 

Matuura, 1984). This is clear evidence for the 

meridional wind control of the ionospheric 

irregularities. Maruyama et al. (2009) 

calculated the thermospheric wind pattern for 

2004-2005 in the descending phase of solar 

activity and confirmed the equinoctial 

asymmetry of the ionospheric irregularity 

occurrence in the descending phase. The 

pattern of the thermospheric wind in the 

ascending phase needs further investigations. 

Recently, Hu et al. (2020) measured the 
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statistical characteristics of the appearance of 

plasma plumes based on VHF radar 

observations at Sanya during the equinoxes 

for the period 2011-2016. They found the 

opposite patterns in the equinoctial 

asymmetry of the plasma plumes in 2011 (in 

the solar ascending phase) and in 2015 

(descending phase), which corresponded well 

with those in the sunset increases of h’F in 

2011 and 2015. These observations suggested 

that the equinoctial asymmetry of plume 

occurrence in 2011 and 2015 could be caused 

mainly by the asymmetric sunset F layer 

height, which controls the growth rate of R-T 

instability.  

Figs. 4 and 5 also represent the monthly 

variation of the F10.7 solar index from 2008 

to 2018. We observed that the ionospheric 

irregularities depend on solar activity. The 

monthly occurrence rates of irregularities are 

strong in the years of the high solar sunspot 

(2012-2014). In 2008, 2009, and 2018, in 

minimum solar activity, irregularity rates are 

very small with no irregularities recorded in 

some stations such as PHUT, VINH, MTEV, 

SMAV, XMIS, and BAKO. 

To estimate the effect of solar activity on 

the ionospheric irregularities, we calculated 

the correlation between the monthly 

occurrence rate of irregularities and the 

monthly F10.7 solar index for some stations. 

The results were listed in Table 2 and 

presented in Fig. 6. 

We see that the correlation coefficients 

could be divided into three groups with 

different value ranges: (1) for the stations 

CPNM and ANMG near the magnetic 

equator, they are 0.51, 0.52, respectively;  

(2) for the stations at the crest regions as 

VINH, CMUM, CUSV and HOCM in 

northern hemisphere and BAKO, NTUS in the 

southern one, they are in the range of 

0.56÷0.61; (3) for the stations outside EIA 

crest regions as MTEV, MLAY, TGIV in the 

northern hemisphere and JOG2, XMIS in the 

southern one, they are in the range of 

0.39÷0.49. Therefore, the correlation 

coefficients between the monthly occurrence 

rate of irregularities and the monthly F10.7 

solar index at the stations near the 

equatorward EIA crest region are higher than 

at the magnetic equatorial and the poleward 

EIA crest regions. 

Table 2.The correlation coefficient between the monthly occurrence rate of the ionospheric irregularities 

and monthly F10.7 solar index 

No Station Magnetic latitude During period Correlation coefficient 

1 MTEV 15.92 2010-2018 0.39 

2 MLAY 15.54 2012-2018 0.49 

3 TGIV 15.06 2010-2018 0.39 

4 DBIV 14.84 2010-2018 0.51 

5 SMAV 14.49 2010-2018 0.49 

6 PHUT 14.49 2009-2018 0.50 

7 VINH 11.91 2011-2018 0.58 

8 CMUM 11.61 2014-2018 0.61 

9 CUSV 6.43 2008-2018 0.57 

10 HOCM 3.47 2008-2014 0.61 

11 CPNM 2.8 2015-2018 0.51 

12 ANMG -5.73 2014-2018 0.52 

13 NTUS -7.05 2008-2018 0.59 

14 BAKO -15.52 2008-2018 0.56 

15 JOG2 -16.75 2013-2018 0.47 

16 XMIS -19.99 2008-2018 0.44 
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Figure 6. The correlation coefficient between 

monthly occurrence rate of ionospheric 

irregularities and monthly F10.7 solar index at 

different stations 

Previous studies showed that the 

ionospheric irregularities at EIA region are 

primarily associated with equatorial plasma 

bubbles (EPBs) (Rama Rao et al., 2006; Saito 

et al., 2008; Abadi et al., 2014; Bhattacharyya 

et al., 2014). EPBs are TEC depletions in 

which the bottom side F region becomes 

unstable at the magnetic equator after sunset. 

These EPBs often cause scintillation in the 

GPS signal. They are generated by Rayleigh-

Taylor plasma instability. Some previous 

studies (Basu et al., 1978; Kelley & McClure, 

1981; Mendillo & Baumgardner, 1982; 

Cervera & Thomas, 2006; Rama Rao et al., 

2006) found that EPBs extend from the 

magnetic equator to the crest of the EIA 

region. The regions around the crests of EIA 

have the ambient electron density to be higher 

than at the dip equatorial region. Beniguel et 

al. (2009) and Abadi et al. (2014) reported 

that strong scintillations concentrate in EIA 

crest regions. Since the intensity of amplitude 

scintillation is proportional to the background 

electron density, strong scintillations are 

expected at the EIA crest region where the 

electron density is high (Abadi et al., 2015). 

Valladares et al. (2004) showed that the 

scintillations reach maximum at almost lower 

latitudes than the boundary of the EIA crest at 

the American longitudinal sector. Therefore, 

strong scintillations concentrate near 

equatorward EIA crest regions such as VINH, 

CMUM, CUSV, HOCM, BAKO, and NTUS. 

Hence the correlation coefficients between the 

monthly occurrence rate of irregularities and 

the monthly F10.7 solar index at these stations 

are higher than at other ones. These 

correlations are worse than the correlation 

between the amplitude of the TEC at the two 

crests with a sunspot number that is 0.90 (as 

reported by Le Huy et al., 2016a). This can be 

explained as the ionospheric electron density 

is primarily impacted by solar activity, while 

disturbance activity depends on the 

complicated ionospheric, magnetic, and solar 

conditions. 

In addition, ionospheric irregularities at the 

EIA region are caused by medium-scale 

traveling ionosphere disturbances (MSTIDs). 

Imposing an MSTID as an externally-imposed 

traveling-wave electric field on the 

SAMI3/ESF model post-sunset ionosphere, 

Krall et al. (2011) showed that the coupling 

between the MSTID at low- to mid-latitudes 

and the equatorial F layer leads to the growth 

of equatorial plasma bubbles. Lakshmi 

Narayanan et al. (2014) showed that the 

boundary of the MSTIDs appearance might 

exist around the equatorial ionization anomaly 

crest, and the equatorial ionization anomaly is 

involved in preventing the movement of 

MSTIDs to reach lower and equatorial 

latitudes. Lakshmi Narayanan et al. (2014) 

also reported that the midnight pressure bulge 

(MPB) associates with MSTID and plays a 

role in suppressing MSTID moving to lower 
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latitudes. Taori et al. (2015) reported that 

MSTID at the low latitude and EPB at the 

equator occur simultaneously over India. The 

authors discussed that observed MSTID could 

be seeded to trigger forming EPB in low-

equatorial latitudes, and this EPB propagates 

upward at low latitudes. Hisao et al. (2018) 

observed EPB events accompanying the 

presence of MSTIDs without conditions 

favorable for F-layer uplifting over the South 

American continent. The study also concluded 

that MSTIDs could be one seeding source to 

generate EPBs. Le Huy et al. (2016b) 

observed MSTIDs during the magnetic storm 

in March 2015 in the Southeast Asia region, 

generated in the EIA crest at Northern 

hemisphere after sunset and propagates 

equatorward with a speed of about 210 m/s. 

Therefore, MSTIDs moving toward the 

equator as one of the sources of EPB forming 

may also cause high ionospheric irregularity 

activities at stations near equatorward EIA 

crest regions. Recently, using the data from 

the GPS receiver network in Japan for 22 

years from 1998 to 2019, Otsuka et al. (2021) 

revealed the solar activity dependence of the 

MSTIDs at mid-latitudes. They found that the 

nighttime MSTID activity and occurrence rate 

increased with descending solar activity 

(higher at solstice and in low solar activity). 

Subsequently, this solar activity dependence 

of the MSTIDs may degrade the correlation of 

the nighttime ionospheric irregularity with the 

solar activity. This should be further 

investigated by distinguishing events either 

EPB type or MSTID type. The triggering of 

EPBs by MSTIDs is an interesting topic but 

difficult to study with the data shown in this 

study. 

3.3. The latitudinal and time distribution of 

ionospheric irregularities 

To estimate the distribution of nighttime 

ionospheric irregularities in latitude and time, 

we mapped ROTI  0.5 TECu/min values (Ma 

& Maruyama, 2006) in time versus latitude at 

all GPS stations in Vietnam and adjacent 

region during 2008-2018. These results are 

shown in Fig. 7. The figure is divided into a 

grid with one pixel (0.5 h0.5°) corresponding 

to universal time (UT=LT-7) and geographic 

latitude for all days. We observe the following 

features: (1) most of the ionospheric 

irregularities occur after sunset until pre-

midnight (from 1800 to 2400 LT), (2) the 

irregularity activity is maximum at about from 

2030 to 2200 LT, (3) there are very few 

irregularities during post-midnight hours. We 

also observe the concentration of the 

ionospheric irregularities at geographic 

latitudes about from 15° to 22°N (8°-15° 

magnetic latitudes). In 2008-2009 and 2017- 

2018, solar activity is so weak that the 

distribution of ionospheric irregularities is not 

clear. In addition, in the Southern hemisphere, 

there are few stations. Consequently, the 

distribution of ionospheric scintillations in the 

Southern hemisphere is less clear than in the 

Northern one. Fig. 7 shows yearly mean TEC 

maps in time vs latitude in the Southeast 

Asian area during 2008- 2018, with a contour 

interval of 5 TECu. We found that yearly 

mean TEC values have two maximum crests 

on the two sides of the magnetic equator. The 

northern crest is observed near the latitude of 

20°-22°N, i.e. in the Northern part of Vietnam 

and the southern crest is observed in the 

latitude 5°-7°S. Le Huy et al. (2014) showed 

that the location of the monthly northern crest 

of the EIA in the Vietnam region during the 

2006-2011 period varies between 17°N and 

22°N geographic latitudes (about 10°-15°N 

magnetic latitudes). Therefore, we can 

conclude that the ionospheric scintillations 

occur more around the northern crest of the 

EIA than at the magnetic equator. Some 

previous studies on ionospheric disturbance 

using ionospheric scintillation data also found 

the concentration of scintillation around the 

EIA (Valladares et al., 2004; Rama Rao et al., 

2006). 
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Figure 7. Map in latitude versus universal time of ROTI  0.5 TECu/min for the period 2008-2018  

in Vietnam and adjacent region
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Fig. 8 also shows that during the years of 

low solar activity (from 2008-2009 and 2017- 

2018), both anomaly crests' magnitude and 

latitudinal extension are low, together with 

low ambient electron densities, so irregularity 

activity is weak. During strong solar activity 

(from 2010-2016), the high ambient electron 

density leads to high irregularity activity. At 

low latitudes, arranging these irregularities 

through the magnetic field lines depends on 

the altitude reached by the irregularities. 

When these irregularities are mapped down to 

the equatorial anomaly crest region, where the 

ambient electron density is higher compared 

to the electron density in the equatorial region, 

it results in stronger irregularities in the region 

near the anomaly crest than the equatorial 

region (Bhattacharyya et al., 2014; Tran et al., 

2017). Therefore, it is reasonable to observe 

the high activity of ionospheric irregularities, 

which occur more near the crests of the EIA 

than in the equatorial region. 

 

Figure 8. Time and latitudinal yearly mean TEC maps in the Southeast Asian area for the  

2008-2018 period. Contour interval: 5 TECu

However, Fig. 9, which illustrates the 

latitudinal distribution of irregularities  

(ROTI ≥0.5), shows that ionospheric 

irregularities are more concentrated near the 

EIA crest than at the magnetic equator, but the 

peak of occurrence does not coincide with the 

EIA crest. Figure 10 presents the geographic 

latitude of EIA crests and the geographic 

latitude of maximum irregularity occurrence 

in both hemispheres from 2010 to 2017, the 

maximum of irregularities in both 

hemispheres are almost in lower latitudes 

other than EIA crests (the maximum 

irregularities occurrence location is of about 

4-5° degrees in latitude equator-ward away 

from the anomaly crests). 
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Figure 9.Statistics of ionospheric scintillations (ROTI0.5) along geographic latitude during the period 

2008-2018. ME: magnetic equatorial; SC: southern crest; NC: northern crest 
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Figure 10. The geographic latitude of EIA crests and the geographic latitude of position where the 

ionospheric irregularity occurrence is maximum from 2010 to 2017. Triangle black line and circle black 

line represent the latitude of northern and southern EIA crests, respectively. Filled triangle black line and 

filled circle black line represent the geographic latitude of position where the ionospheric scintillation 

occurrence is maximum at the Northern and Southern hemispheres, respectively 

Moraes et al. (2018) analyzed the GPS data 

from four different stations over Brazillian 

territory (one close to the geomagnetic 

equator, two near the southern crest of EIA, 

and one on the poleward side of the EIA 

crest). They mentioned the high scintillation 

occurrence near the EIA crest. Our new 

findings were the detailed relationship 

between the EIA crests (TEC peak, Fig. 8) 

and ROTI peak, and the ROTI peaks were 

slightly equatorward of the EIA crests in the 

Northern and Southern hemispheres. The new 

finding can be explained as follows: (1) ROTI 

should be higher when the background density 

is higher because irregularity is usually 

perturbation concerning the background 

density and proportional to the one, i.e., it is 

around EIA crests; (2) Plasma bubbles which 

are the primary source of irregularity in the 

low latitude region develop from the magnetic 

equatorial area, and do not all reach EIA 

crests, i.e., the occurrence of source events is 

higher in the magnetic equatorial region;  

(3) In the combination of the two effects, 

background density and source event 

occurrence, the occurrence of events with 

ROTI values higher than a certain threshold 

would maximize equatorward of the EIA 

crests. In addition, we can say that this is 

useful to develop a scintillation occurrence 

model to estimate GNSS applications' 

performance. 

4. Conclusions 
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By using continuous GPS data networks in 

Vietnam and adjacent regions during 2008- 

2018, we investigated the occurrence 

characteristics of ROTI and VTEC. We 

derived monthly occurrence rates and 

distribution of irregularity in latitude vs time. 

The occurrence rates of irregularities in all 

stations were maximum during equinox 

months March/April and September/October 

for all years (2008-2018) and depend on solar 

activity. We also observed to have an 

asymmetry of the occurrence rate ROTI 

between two equinoxes. In the maximum and 

declining phases of 2014-2016, occurrence 

rates in March equinox are larger than in 

September equinox. In the increasing phase of 

2010-2011, occurrence rates in September 

equinox are larger than in March equinox. 

The correlation coefficients between the 

monthly occurrence rate of irregularities and 

the F10.7 solar index at the stations near the 

equatorward EIA crest region are higher than 

at the magnetic equatorial and the poleward 

EIA crest regions. The irregularities are 

dominant in the pre-midnight sector and 

maximum at about from 2030 to 2200 LT. We 

also observe the concentration of the 

irregularity activity at geographic latitudes 

about from 15°-22°N (8°-15° magnetic 

latitudes). The maximum irregularity 

occurrence location is almost in lower 

latitudes than the peak of EIA about 4-5° 

equator-ward. Accordingly, we could 

conclude that the ionospheric irregularities 

occur more often at the equator-ward EIA 

region than at the magnetic equatorial and the 

poleward EIA regions. 
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